The epidermis is maintained by multiple stem cell populations whose progeny differentiate along diverse, and spatially distinct, lineages. Here we show that the transcription factor Gata6 controls the identity of the previously uncharacterized sebaceous duct (SD) lineage and identify the Gata6 downstream transcription factor network that specifies a lineage switch between sebocytes and SD cells. During wound healing differentiated Gata6 + cells migrate from the SD into the interfollicular epidermis and dedifferentiate, acquiring the ability to undergo long-term self-renewal and differentiate into a much wider range of epidermal lineages than in undamaged tissue. Our data not only demonstrate that the structural and functional complexity of the junctional zone is regulated by Gata6, but also reveal that dedifferentiation is a previously unrecognized property of post-mitotic, terminally differentiated cells that have lost contact with the basement membrane. This resolves the long-standing debate about the contribution of terminally differentiated cells to epidermal wound repair.
The epidermis is maintained by multiple stem cell populations whose progeny differentiate along diverse, and spatially distinct, lineages. Here we show that the transcription factor Gata6 controls the identity of the previously uncharacterized sebaceous duct (SD) lineage and identify the Gata6 downstream transcription factor network that specifies a lineage switch between sebocytes and SD cells. During wound healing differentiated Gata6
+ cells migrate from the SD into the interfollicular epidermis and dedifferentiate, acquiring the ability to undergo long-term self-renewal and differentiate into a much wider range of epidermal lineages than in undamaged tissue. Our data not only demonstrate that the structural and functional complexity of the junctional zone is regulated by Gata6, but also reveal that dedifferentiation is a previously unrecognized property of post-mitotic, terminally differentiated cells that have lost contact with the basement membrane. This resolves the long-standing debate about the contribution of terminally differentiated cells to epidermal wound repair.
It is now recognized that the regenerative potential of a tissue relies on cellular plasticity, which involves the loss of homeostatic restrictions and the acquisition of new features by both adult stem cells and committed cells [1] [2] [3] [4] [5] [6] [7] . In the simple epithelia of intestine and lung, dedifferentiation following injury has recently been reported. In the gut, Lgr5
− secretory precursor cells revert to a stem cell state 2 , while in the lung committed airway epithelial cells revert to stem cells that are able to persist in the tissue following repair 1 
.
In the epidermis there are several stem cell populations that maintain distinct compartments during homeostasis, but are able to contribute to additional lineages during wound repair. For example, in the junctional zone (JZ), the intersection between the hair follicle (HF), sebaceous gland (SG) and interfollicular epidermis (IFE), the resident Lrig1 + stem cells normally maintain the SG and the infundibulum, but they can also form the IFE, SG and HF following injury or transplantation 3, 8 . Nevertheless, epidermal dedifferentiation has not been observed, potentially because it is a rarer or lineage-specific event compared with other epithelia or because of the architectural complexity of the tissue. In the epidermis, in contrast to simple epithelia, stem cells detach from the basement membrane during terminal differentiation [9] [10] [11] . In the lower growing HF, committed stem cell progeny are not able to revert into stem cells following injury, even when the stem cell reservoir is depleted 12 . Given the architectural complexity of the JZ we set out to identify transcriptional regulators of lineage differentiation within this region and subsequently to investigate the fate of the differentiated cells during wound healing. In so doing, we have revealed a role for Gata6 in regulating the sebaceous duct (SD) lineage and shown that Gata6 lineage cells are able to undergo dedifferentiation into stem cells following injury.
RESULTS

Gata6 is a marker of the sebaceous duct lineage
We have previously described a transgenic mouse line, K14 NLef1, in which inhibition of epidermal Wnt signalling results in conversion of HFs into sebocytes and multilayered epidermal cysts 13, 14 ( Supplementary Fig. 1a) . One of the earliest changes to occur in K14 NLef1 mice is an expansion of the JZ (Fig. 1a) . We compared previously published signature genes for Lrig1
+ cells in wild-type mice 3 with genes that were upregulated in K14 NLef1 epidermal cells compared with littermate controls (Fig. 1b and Supplementary  Fig. 1b promoters of genes that were upregulated in both data sets identified the GATA motif as being the most significantly enriched (Fig. 1b) . Since Gata factors are known to regulate differentiation 15, 16 and cell migration 17 , we hypothesized that Gata factors might regulate exit from the JZ stem cell compartment. Although Gata6 expression has been recently reported in the IFE and lower HF 18 , we found that Gata6 expression was confined to the upper SG and JZ in adult epidermis (Fig. 1c) consistent with single-cell transcriptomic data 19 . In K14 NLef1 epidermis Gata6 was highly upregulated and was expressed in the expanded JZ and in developing cysts ( Fig. 1c and Supplementary Fig. 1c) . No other Gata family members, such as Gata4 or Gata3 16 , were detected. In adult epidermis the stem cell populations in the JZ are characterized by expression of Lgr6 20 and Lrig1, both of which produce daughter cells that differentiate into SG. A subpopulation of Gata6 + cells co-expressed these markers ( Supplementary Fig. 1d ,e). Genetic lineage-tracing experiments using Lgr6EGFPiresCreERT2 21 crossed with Rosa26-fl/STOP/fl-tdTomato reporter mice confirmed that the progeny of Lgr6 + stem cells included Gata6 + cells ( Supplementary  Fig. 1d ). Gata6 was not expressed by CD34-expressing stem cells in the HF bulge, which lies below the JZ ( Supplementary Fig. 1e,i) , and there was no co-expression of Gata6 with Tcf3/4 TFs required for bulge homeostasis 22 . However, there was some co-expression of Gata6 with Sox9, a crucial TF for maintenance of the SG and HF 23 ( Supplementary Fig. 1e ).
To study Gata6 + cells we used a Gata6 reporter mouse in which the endogenous Gata6 promoter drives expression of tdTomato 24 ( Supplementary Fig. 1f-i) . By characterizing the location of 604 tdTomato + cells in Z stacks of tail epidermal whole mounts, we found that Gata6 was not only expressed in the JZ but also in the SG duct 25 that connects the upper SG to the JZ and acts as a conduit for release of sebum onto the skin surface ( Fig. 1d and Supplementary Video 1). We also observed that Gata6 was strongly upregulated in cells that had detached from the basement membrane (Fig. 1e ).
Gata6 regulates sebaceous duct differentiation
To identify Gata6 target genes we performed ChIP-Seq with two different Gata6 antibodies. We found 12,317 genomic targets with the expected Gata6 DNA motif ( Supplementary Fig. 1j-m) . We discovered that Gata6 regulates the promoters of genes involved in cellular processes such as 'cell cycle' or 'RNA splicing' and binds the distant regions of genes involved in processes such as 'tube development' and 'cell motility' (Fig. 1f) . Consistent with the Gene Ontology (GO), we found that Gata6 negatively regulates proliferation of cultured mouse epidermal cells and promotes migration in a scratch wound assay ( Fig. 1g-i) .
We then compared the gene expression profiles of four subpopulations of epidermal cells from wild-type mice in the resting (telogen) phase of the hair cycle: Gata6
+ Itga6 + cells and all remaining Itga6 + cells (Fig. 2a,b and Supplementary Fig. 2a ). GO analysis of differentially expressed gene clusters indicated that Gata6 + Itga6 − cells were non-dividing cells (Fig. 2c ) that expressed several terminal differentiation markers, including Involucrin and Blimp1 26 (expressed in the IFE, JZ and SD), Plet1, Krt79 and Atp6v1c2 (expressed in SD but not IFE) (Fig. 2d-g and Supplementary Fig. 2b-j) . The vast majority of Gata6 + cells had a suprabasal location. Those cells that were present in the basal layer showed little or no Ki67 labelling, and expressed terminal differentiation markers such as Fabp5 (Fig. 2f-h ). Whereas the majority of Gata6 + cells in the SD and JZ expressed Blimp1, Blimp1 + cells in the differentiating layers of the IFE were Gata6 − ( Supplementary  Fig. 2b,c) . These results are summarized schematically in Fig. 2i .
Our analysis predicted that Gata6 regulates differentiation of JZ cells into the SD lineage. To test this we performed gain and loss of function experiments. In Gata6-tdTomato reporter mice insertion of tdTomato leads to loss of one Gata6 allele. By crossing the reporter mice with mice that are heterozygous for epidermal-specific loss of Gata6 (K5Cre x Gata6 Flox 27 - Supplementary Fig. 3a ) it was possible to analyse the Gata6 + cell population in the absence of Gata6 expression. By flow cytometry we showed that in the absence of Gata6 the number of bulge cells (CD34 + Itga6 + ) was unaffected. In contrast, the numbers of dtTomato + Gata6 + Itga6 + JZ cells and tdTomato + Gata6 + Itga6 − SD cells were reduced by 50% ( Fig. 3a and Supplementary Fig. 3b ). These results were confirmed by immunofluorescence and real-time quantitative PCR (RT-qPCR) ( Supplementary  Fig. 3c-e) . Consistent with our in vitro data, Gata6 genetic ablation in K14 NLef1 mice led to increased expression of several direct target genes involved in mitosis ( Supplementary Fig. 3f-h ).
To examine whether Gata6 transcriptional activity regulates epidermal lineage identity and differentiation in a gain of function experiment, we compared the relative abundance of lineage markers (including direct target genes) in control versus Gata6-overexpressing primary mouse keratinocytes during suspension or calcium-induced differentiation in culture. Read-out genes were obtained from the expression profile of Gata6-expressing SD cells (Fig. 2b) and from an additional transcriptome analysis performed to discriminate the gene signatures in IFE, SG and HF microdissected from tail epidermis ( Fig. 3b and Supplementary Fig. 3i-k) . RT-qPCR experiments showed that SD markers were induced by Gata6 transcriptional activity, while IFE markers were not (Fig. 3c,d ).
To achieve a more complete understanding of how the different epidermal compartments are maintained, we built a comprehensive TF network (Fig. 3e) merging data from our genomics approaches (see Methods). During differentiation Gata6 induced all SG duct genes tested and, in contrast, downregulated several genes characteristic of differentiated sebocytes (Fig. 3c) . This led us to focus on the SG and JZ/SD as distinct TF sub-networks, with the androgen receptor (Ar) featuring in the SG network and Blimp1 in the JZ/SD network (Fig. 3e) . Both genes are known to play a role in the SG. Endogenous Gata6 and Blimp1 co-localized in terminally differentiated SG duct cells (Fig. 2d) while Ar localized in lower SG 28 . Chip-Seq revealed Blimp1 and Ar as Gata6 direct targets (Fig. 3f) . However, overexpression of Gata6 led to induction of Blimp1 while repressing Ar expression (Fig. 3g) . The analysis of the epidermal TF network together with our in vivo observations ( Supplementary  Fig. 3l -p) led us to conclude that Gata6 transcriptional activity defines the SD and is functionally distinct from the lower SG.
Fate of the Gata6 lineage during homeostasis and wound healing
To examine the fate of Gata6 + progeny, we created a mouse model in which EGFPCreERT2 is inserted in the Gata6 endogenous locus. By crossing Gata6EGFPCreERT2 mice with Rosa26-fl/ STOP/fl-tdTomato mice we could genetically label Gata6-expressing cells by application of 4-hydroxy-tamoxifen and follow the fate of their progeny. In undamaged skin the progeny of Gata6 + cells were restricted to the JZ and SG duct ( Supplementary Fig. 4a ). In agreement with our functional data (Fig. 3a,c) , this indicates that Gata6-expressing cells represent a JZ cell population that is restricted to the SD lineage. In contrast, the progeny of Lrig1 + stem cells are found in the entire SG during epidermal homeostasis and extend into the lower anagen HF 3 .
It has previously been shown that Lrig1
+ stem cells can contribute to the IFE following wounding 3 . To examine the role of lineagerestricted, differentiated Gata6 + cells in wound healing, we performed lineage-tracing experiments in parallel with Gata6EGFPCreERT2 and Lrig1EGFPCreERT2 3 mice crossed to the Rosa26-fl/STOP/ fl-tdTomato strain. Nine-week-old mice were treated once with 4-hydroxy-tamoxifen to induce tdTomato genetic labelling and two days later a full thickness circular skin wound was created (day 0).
Within 3 days of wounding Gata6 and Lrig1 tdTomato-labelled cells exited the JZ and began colonizing the IFE in the direction of the wound (Fig. 4a,b) . The progeny of Lrig1 + cells exited the JZ by upward migration as a continuous tongue of basal and suprabasal cells (Fig. 4a,b,d ). In contrast, Gata6 genetically labelled (GL) cells exited only into the suprabasal epidermal layers and did so as individual cells interspersed with unlabelled cells (Fig. 4a-c) . Unexpectedly, in intact HFs in the proximity of the wound site Gata6 GL cells were no longer confined to the JZ and SD, but extended into the base of the SG (in 63% of pilosebaceous units) and, rarely, the lower HF (Figs 4e-g and 5a) . It was previously observed that epidermal cells are recruited to move + progeny of Lrig1 + stem cells are responsible for this effect and suggest that the vitamin A signalling might be involved in the migration of Gata6 + cells into intact HF and SG adjacent to wounds.
Dedifferentiation of Gata6 lineage cells
By treating tail epidermis with a low concentration of tamoxifen we could selectively mark non-dividing (EdU − ), differentiated Gata6-expressing cells ( Supplementary Fig. 5a -c and Fig. 5b ). After these labelled cells exited the JZ, they initially remained suprabasal while migrating into the wound bed (Fig. 5b,d ). However, by day 12 labelled progeny of Gata6 + cells were detected in the re-epithelialized basal layer (Fig. 5b,d ,e and Supplementary Fig. 5d,e) . Progeny of Lrig1-expressing cells was found in the basal and suprabasal layers at all of the time points examined, including 124 days after wounding (Fig. 5c,d and Supplementary Fig. 5e ). Not only did Gata6 GL cells enter the basal layer of the healing wound, they also began, like Lrig1 GL cells, to proliferate (Fig. 5e and Supplementary Fig. 5f ). Furthermore, Gata6 progeny began to express Krt14 (Fig. 5f ) suggesting an unprecedented ability of terminally differentiated epidermal cells to dedifferentiate and acquire stem cell properties following wounding. Even 124 days post wounding columns of tdTomato-labelled Gata6 progeny extending from the basal to the outermost epidermal layers were readily detectable (Fig. 5d,g ). Ki67 labelling of Gata6 progeny was higher at 124 days than at earlier time points (Fig. 5g) . To explore whether dedifferentiation was a unique property of Gata6 + cells, we performed lineage-tracing experiments to examine the fate of cells expressing Blimp1, which is a marker of terminally differentiated cells within the IFE, SG and HF 26, 29 (Fig. 2b,d and (f,g) Wound bed tail skin sections showing columns of IFE cells derived from dedifferentiation of Gata6 GL cells (tdTomato) stained with Krt14 (f) and Ki67 (g). Ki67 quantification at the indicated time points is shown. Data are means ± s.e.m. from n = 7 proliferative unit (EPU) for day 6, 12; n = 17 EPU for day 28; n = 6 EPU for day 124. * * P < 0.005, by unpaired Student's t-test. The dashed lines indicate the dermal-epidermal junction. ND, not detected. Scale bars, 50 µm (a-c); 25 µm (e-g). Supplementary Figs 2a-c,g, 3l and 6a-d) . By 6 days after wounding tdTomato-labelled cells were found in a basal position at the wound edge ( Supplementary Fig. 6e ). Columns of cells derived from Blimp1 + cells were detected in the wound bed at day 12 ( Supplementary  Fig. 6f,g ) and day 120 (Supplementary Fig. 6h ). Not withstanding the limitations of using a non-inducible Cre line and our inability to distinguish between Blimp1 GL cells originating in the IFE, HF and SG, we speculate that dedifferentiation may be a general property of terminally differentiated epidermal cells following wounding.
Plasticity of Gata6 lineage cells
As an independent test of the plasticity of differentiated Gata6 GL cells, we examined their contribution to epidermis reconstituted from disaggregated cells in a chamber graft assay 30 (Fig. 6 ). Flow-sorted differentiated (Itga6 low) Gata6 GL cells were found in the IFE, SG and HF of 4/6 grafts examined, where they contributed to both the differentiated compartments and to the Krt14 + compartment attached to the basement membrane (Fig. 6a-f and Supplementary  Fig. 7a,b) . Thus, Gata6 GL cells were able to dedifferentiate in the skin reconstitution assay as well as following wounding.
To monitor the earliest events in dedifferentiation we followed the fate of individual Gata6 GL cells by in vivo live imaging for 8 to 16 h, 5 days after wounding ear skin ( Fig. 7a and Supplementary Fig. 8 ). We observed Gata6 GL cells exiting a total of 49 HFs from 6 individual wounds. We measured the angle at which individual labelled cells moved relative to the position of the basement membrane (Fig. 7b) . Most cells remained in a suprabasal position and moved parallel to the basement membrane (Fig. 7b , 'straight' in Fig. 7c ). However, a small proportion of labelled cells were displaced upwards (Fig. 7b, ' up' in Fig. 7c ) or moved downwards towards the basal layer (Fig. 7b, ' down' in Fig. 7c ). In 6 out of 25 HFs in which downward migration occurred we could observe the entire process of suprabasal to basal transition. The proportion of cells exhibiting downward migration was significantly higher at the wound edge than distal areas (Fig. 7c ). This suggests that dedifferentiation is more likely to happen in close proximity to the wound. Since epidermal cells increase in size during terminal differentiation 31, 32 we examined whether dedifferentiation correlated with a reduction in cell size. As shown in Supplementary Fig. 8e ,f, Gata6 GL cells that had newly attached to the basement membrane were indistinguishable in size from unlabelled basal cells and were smaller than suprabasal Gata6 GL cells. In addition, basal layer Gata6 GL cells at the wound margins exhibited a characteristic elongation in the direction of the wound, consistent with ongoing cell migration ( Supplementary Fig. 8f ). Gata6 GL cells maintained Gata6 expression in the infundibulum but as soon as they entered the IFE on wounding they no longer expressed Gata6 (Fig. 4a) or the SD-specific markers Krt79 and Plet1 (Fig. 8a) , with the exception of a few Krt79 + cells at the wound edge (Fig. 8a) . Gata6 and SD lineage markers were not expressed in the bin; n = 12 HF for +150/+250 bin; n = 9 HF for +250/+350 bin. Data are means ± s.e.m. * P < 0.05; * * P < 0.005; NS, not significant, by unpaired Student's t-test. proliferative columns founded by Gata6 GL cells in the reconstituted IFE of wounds. In healed tail wounds Gata6 GL cells gave rise to both the scale (Krt31 + ) and interscale (Flg + ) lineages of the IFE 33 . In contrast, Lrig1 progeny primarily gave rise to the interscale tail lineage (Fig. 8b) . Not only did Gata6 GL cells give rise to both IFE lineages, they also-in those HFs in which Gata6 progeny entered the lower HF and SG-expressed Lef1 and Krt31 in the hair bulb and produced lipid, a characteristic of differentiated sebocytes (Fig. 8c) .
DISCUSSION
It was previously believed that in multilayered epithelia such as the epidermis terminal differentiation is irreversible 9, 12 . Combining genomics, transcriptomics, imaging techniques in live mice, skin reconstitution assays and histological analysis of lineage-tracing experiments, our study has not only identified Gata6 as a key regulator of the SD lineage, but has also revealed that differentiated Gata6 + cells can dedifferentiate in response to wounding, exhibiting sustained self-renewal, indicative of re-entry into a stem cell state. Although such plasticity of differentiated cells in the epidermis has not been reported 10, 11 , it is consistent with the observation that Blimp1 + sebocytes are post-mitotic in vivo yet capable of undergoing selfrenewal in culture 26 .
Following dedifferentiation Gata6 GL cells had similar self-renewal ability to Lrig1 GL epidermal stem cells but superior multi-lineage differentiation potential 34 . We speculate that the explanation lies in the Gata6 target genes we identified by ChIP-Seq. As shown for Gata4 35 , Gata6 may act as a pioneer TF, opening heterochromatin to favour the access of other TFs. We discovered that Gata6 regulates genes involved in cell motility and, consistent with this, that Gata6 promotes migration of epidermal cells in culture. The results are consistent with a model whereby under homeostatic conditions Gata6 not only promotes SD differentiation but also maintains the migratory potential of the differentiated duct cells, providing a reservoir of cells that can be mobilized for wound repair. It is interesting that in Gata6
+ JZ cells the acquisition of plasticity on injury is linked to loss of the cells' original identity and acquisition of the identity of each new epidermal niche in which they are located 4 .
There are two main theories of how re-epithelialization of skin wounds occurs: the leap-frog model, in which suprabasal cells migrate on top of basal cells and dedifferentiate to become the new leading cells at the wound edge 36, 37 , and the sliding model in which layered epidermal cells move towards the wound margin in a cohesive manner [38] [39] [40] . Our results reconcile these hypotheses, showing the coexistence of both repair mechanisms, with Lrig1 + stem cells entering the wound as a cohesive population, and Gata6 + cells migrating individually within the suprabasal cells until they make contact with the interface with the dermis and revert to a stem cell state.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of this paper. 46 transgenic mice have been described previously. Gata6EGFPCreERT2 mice were generated by knocking an EGFPCreERT2 cassette into the endogenous Gata6 locus. An IKMC intermediate vector targeted (PCTS00127_B_C11) on C57BL/6J BACs was used. The final targeting allele results in an EGFPCreERT2 expression element targeted in-frame with the first non-coding exon of the Gata6 gene and further frameshifting. The final vector, constructed using the gateway modular strategy, was electroporated into JM8 ES cells and cells were selected for puromycin antibiotic resistance. Allelic targeting was determined in single clones by restriction digestion and sequencing of genomic DNA. The copy number was determined by qPCR using a probe for the puromycin resistance sequence.
For lineage-tracing experiments, mice (8-12 week old, randomly selected of either gender) received a topical dose of 4-hydroxy-tamoxifen (Sigma): 0.75-1.5 mg dissolved in 100 µl acetone applied to clipped back and tail skin, 0.5 mg in 30 µl acetone to ear skin. Two days post tamoxifen treatment (day 0) full thickness wounds were made with a circular biopsy punch in dorsal (5 mm), ear (1-2 mm) or tail (2 mm) skin. Treatment with retinoic acid (all-trans-RA, Sigma) and topical application with tamoxifen to K14MycER and Lgr6EGFPCreERT2 Rosa26-fl/STOP/fl-tdTomato mice was performed as previously described 28, 41, 47 . In some experiments mice received a dose of 400 µg EdU (5-ethynyl-2 deoxyuridine, Invitrogen) dissolved in sterile PBS intraperitoneally 3 h before tissues were harvested. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment.
Tissue processing and analysis. Sections from OCT-or paraffin-embedded tissues, horizontal whole mounts (60-100 µm thick) and ear or tail epidermal whole mounts were processed and stained by conventional methods 30, 48 . Importantly, to avoid the loss of the tdTomato protein signal, prior to OCT embedding the samples were fixed for 20 min at room temperature in 4% paraformaldehyde. To prepare epidermal whole mounts, the skin was incubated in PBS + 5 mM EDTA at 37 • C for 4 h to separate the epidermis from the dermis.
Primary antibodies were used at the indicated dilutions: RFP (1:1,000, Rockland 600-401-379); Krt14 (1:1,000, LL002 clone, Abcam ab7800 and 1:1,000, Covance SIG-3476); Gata6 Images were acquired with a Leica TCS SP5 Tandem Scanner confocal or Nikon A1 confocal microscope. All quantification to distinguish suprabasal and basal genetically labelled cells was performed on sections stained with Itga6 as a reference for the position of the basement membrane. To quantify the position of Gata6 genetically labelled cells in the wound bed at day 5, 7, 9, 12, serial sections of half of each wound bed were examined.
Flow cytometry. Epidermal cells were isolated by flow cytometry as previously described 49 and labelled with anti-CD34 and anti-CD49f (Itga6). Keratinocytes from the Gata6 reporter mouse were also sorted using tdTomato reporter expression.
To quantify and visualize the shift from suprabasal to basal Gata6 genetically labelled cells, anti-CD49f was used as a basal layer marker 50 . Data were analysed using FlowJo software.
Chamber grafting assay. Experiments were performed as described previously 8 . Epidermal cells were isolated from the back skin of Gata6-tdTomato reporter/ActBeGfp adult telogen mice. Each graft consisted of 10 5 flow-sorted (Itga6-high or Itga6-negative/Gata6-positive) GFP-expressing epidermal cells mixed with 3 × 10 6 unlabelled, unsorted epidermal cells and 4 × 10 6 dermal cells isolated from neonatal mice. The top of each graft chamber was removed 1 week after grafting, and the chambers were removed 1 week later. Mice were euthanized and analysed 5-6 weeks after grafting.
Live imaging of wound healing. Two-photon excitation microscopy was performed with an A1RMP upright microscope, equipped with a 25×/1.10 water-immersion objective lens (CF175 Apo LWD 25XW Nikon) and an Ti:sapphire laser (0.95 W at 900 nm) (Coherent Chameleon II laser). The laser power used for observation was 2-10%. Scan speed was 4 µs per pixel. The excitation wavelength was 770 nm for second harmonic generation, Hoechst 33342 and tdTomato signals. We used an IR-cut filter, IR-DM. Hoechst 33342 and collagen (autofluorescence via second harmonic generation) signals were detected by 492 SP (Chroma); the tdTomato signal was detected by 575/25 (Chroma). Z stack images were acquired with a viewfield of 0.257 mm 2 in 5 µm steps. Mice aged 9-12 weeks were anaesthetized throughout imaging by inhalation of vaporized 1.5% isoflurane (MERIAL) and placed in the prone position on a heating pad. The ear was stabilized between a cover glass and a thermal conductive soft silicon sheet as previously described 51 . For nuclear staining, mice were injected with 200 µl of Hoechst 33342 (Molecular Probes) dissolved in PBS at 2 mg ml −1 via the tail vein 1 h before imaging. For wound healing process imaging, two days after tamoxifen treatment, hairs were removed from mouse ear skin with depilation cream 1 h before wounding.
Ear skin wounds were created with a mini router No. 28600 (Kisopowertool MFG). The wound healing process was imaged from 5 days after wounding. Time-lapse images were acquired every 1 h. A total of 6 mice were examined and the duration of time-lapse imaging was 12.5 ± 3.8 h per mouse. Time-lapse imaging was aborted if the body temperature, breathing condition, or hydration of a mouse deteriorated. Optimization of image acquisition was performed to avoid fluorescence bleaching and tissue damage and to obtain the best spatiotemporal resolution. Acquired images were analysed with MetaMorph (Universal Imaging) and Fiji imaging software (ImageJ, NIH). Orthogonal images (Fig. 7a and Supplementary Fig. 8a For cell size analysis, reference basal and suprabasal keratinocyte sizes were obtained by in vivo labelling of keratinocytes with Isolectin B4 (Sigma) dye. One hundred microlitres of isolectin B4 (0.5 mg ml −1 ) was subcutaneously injected into mouse ear skin 1 h prior to imaging. Cell size was measured with MetaMorph software on the basis of the reference images and Gata6 GL cell images as described above.
For quantification of Gata6 GL cell orientation toward the wound bed, migration shape index was defined as the ratio (α/β) of cell length projected to wound direction (α) over cell length perpendicular to wound direction (β). Multiple cell shapes were overlaid and presented as a multicolour heat map. Each cell was rotated before overlay to align wound direction to the correct side.
Cell culture, keratinocyte differentiation assays, lentiviral infection and western blotting. Primary mouse keratinocytes were isolated from dorsal skin as previously described and cultured on confluent irradiated 3T3-J2 fibroblast feeders in calciumfree FAD medium (DMEM: Ham's F12, 3:1, 1.8 × 10 −4 M adenine) supplemented with 10% FCS, hydrocortisone (0.5 µg ml −1 ), insulin (5 µg ml −1 ), cholera toxin (8.4 ng ml −1 ) and epidermal growth factor (10 ng ml −1 ). Differentiation was achieved by switching to a final calcium concentration of 1.8 mM or by disaggregating keratinocytes and placing them in suspension in methyl cellulose-supplemented medium 52 . No cell lines were used in this study. Primary mouse keratinocytes were mycoplasma tested.
Lentiviral virions used for infection of primary mouse keratinocytes were produced in HEK293T with the Trans-Lentiviral Packaging System in combination with Precision LentiORFs for control (empty vector) and Gata6 overexpression (Dharmacon).
The Incucyte real-time video imaging system was used to determine the growth rate of infected primary mouse keratinocytes and the migratory potential of infected mouse primary γ-irradiated keratinocytes in a wound scratch assay.
For immunoblotting, infected keratinocytes were lysed for 10 min in standard sample buffer at 95 • C. Total protein extracts were separated on polyacrylamide gradient gels, transferred to PVDF membrane and detected with Gata6 and Gapdh antibodies. Unprocessed original scans of blots are shown in Supplementary Fig. 9 .
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ChIP-Seq, microarray analysis and RT-qPCR. ChIP was performed as previously described 53 . Crosslinked material corresponding to ∼10 7 lentiviral infected Gata6-overexpressing primary mouse keratinocytes was incubated overnight with 2 different Gata6 antibodies (Cell Signalling no. 5851 and R&D Systems AF1700) and Flag antibody (Sigma) as a negative control (10 µg). Immunoprecipitated DNA was prepared for sequencing as previously described 54 . The raw data were put through our in-house pipeline, including base-calling, genome alignment using BWA (Burrows-Wheeler Aligner) and filtering out potential PCR duplications. Peak calling was performed with Homer 55 . For Gata6 ChIP-Seq the peaks detected by both antibodies were considered target regions with the exception of the androgen receptor (Ar) peak that, even though it contains the perfect Gata6 DNA motif in the peak centre, was detected only by one Gata6 antibody.
To compare the expression profiles of wild-type and K14 NLef1 epidermis, cells were collected from 9.5-week-old mice, when the HFs are in the resting (telogen) phase of the hair growth cycle. At this stage the NLef1 phenotype is not yet evident, enabling us to detect early molecular events.
RNAs from manual microdissection of the HF, SG and IFE from tail epidermis or from FACS-purified cells were provided to the Paterson Institute Microarray Core Facility where RNA processing and hybridization on mouse Exon 1.0ST Affymetrix platforms were performed to provide gene expression profiles. Differential expression analysis was carried out on normalized data as described previously 56 . Briefly, raw data were RMA (robust multi-array average) normalized through Affymetrix Power Tools software. The data were filtered on both crosshybridizing and undetected probes and processed using Bioconductor Packages. Differential expression analysis was performed in Limma. A multiple corrections test (Benjamini-Hochberg method) was applied to P values. Differentially expressed genes were analysed with hierarchical clustering and visualized with heatmaps generated via Gene-E (http://www.broadinstitute.org) to assist in interpretation. Gene Ontology enrichment analysis was performed using DAVID 57 or GeneGO pathway analysis software (https://portal.genego.com).
For RT-qPCR, total RNA was isolated using RNeasy kits (Qiagen). cDNA was generated using the superscript III supermix (Invitrogen) and analysed using Power SYBR green (Applied Biosystems) and self-designed primers (Supplementary Table 1 ).
DNA motif analysis to infer lineage differentiation transcription factors in the epidermal junctional zone. K14 NLef1 is a model of deregulation of epidermal lineage selection characterized by the expansion of the junctional zone and subsequently by the presence of ectopic sebocytes and multilayered epidermal cysts ( Fig. 1a and Supplementary Fig. 1a ). To identify lineage differentiation TFs within the JZ we performed DNA motif analysis in the promoters of genes upregulated in K14 NLef1 versus wild-type epidermis and of signature genes of Lrig1-expressing cells 3 . DNA motif enrichment analysis was performed using the Pscan software (P value < 0.05) 58 with DNA motif matrices from JASPAR and TRANSFAC databases. The two sets of putative TFs regulating lineage differentiation were compared. The Gata motif was the most significantly enriched in both sets.
Generation and visualization of the epidermal transcription factor network. For network analysis we merged 5 features acquired from our genomics approaches: TFs differentially expressed in SG, IFE, HF; TFs differentially expressed in the bulge, in basal Gata6 cells, in all basal cells and in differentiated ducts; Gata6 direct targets; predicted Gata6 co-factors; and TFs differentially expressed in wild-type versus K14 NLef1 epidermis. We also included a sixth feature based on known proteinprotein interactions. The list of all murine TFs was obtained by merging three TF databases: DBD 59 , TFcat 60 and AnimalTFDB 61 (Supplementary Table 2 ). Direct targets of Gata6 were identified by our ChIP-Seq experiments. Putative co-factors of Gata6 were predicted using Tomtom in Meme 62 . Protein-protein interaction data were retrieved from the STRING database 63 with experimental evidence and a high confidence score (>0.7). By integrating all of these data, we constructed a TF network consisting of seven populations: SG, HF, IFE, Gata6/Itga6 double positive, suprabasal differentiated Gata6, bulge and basal keratinocytes. We used Cytoscape software 64 to visualize the TF network.
Statistics and reproducibility. Statistical analyses were performed using GraphPad Prism Software. We made use of the two-tailed Student's t-test for unpaired data to quantify differences between experimental groups. P values are indicated with: * P < 0.05; * * P < 0.005. NS, not significant. No statistical method was used to predetermine sample size. Panels showing representative images are representative of at least two independent experiments and up to six as indicated in each panel of the figure legends, except for the chamber grafting assay, which was performed once with three to six biological replicates. Data availability. All data that support the conclusions are available from the authors on request. Microarray and ChIP-Seq data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession code GSE62608. Previously published data sets that were reanalysed here include the transcription factor databases DBD 59 , TFcat 60 and AnimalTFDB 61 . Source data for Figs 1g,h, 3a,d,g, 4b,g, 5d ,g, 6d, 7c and 8b and Supplementary Figs 1c and 2a,c,  3a,b,d ,h,k, 4d, 5a-f and 8f have been provided as Supplementary Table 3.
In the format provided by the authors and unedited.
Supplementary Figure 1 K14ΔNLef1 phenotypes, Gata6 expression in wild type adult skin. Gata6-tdTomato reporter analysis and Gata6 ChIP-Seq a, Late K14ΔNLef1 phenotypes: ectopic sebaceous glands (SG) (middle panel) and cysts (right panel). Haematoxylin and Eosin stained dorsal skin sections from wild type (WT) and K14ΔNLef1 mice at 22 weeks. b, Heatmap of genes that are differentially expressed between WT and K14ΔNLef1 epidermal cells. c, RT-qPCR of RNA from microdissected WT and K14ΔNLef1 hair follicles (HF) compared to heart (positive control for Gata4 and Gata6 expression). Data are means ± s.d. from n=3 independent biological samples. d, Tamoxifen treated (lower panel) and untreated (top panel) Lgr6EGFPCreERT2 Rosa26-fl/ STOP/fl-tdTomato back skin sections stained with antibodies to Gata6. Representative images of 2 independent experiments. e, Adult WT dorsal skin sections (bottom panels) or tail epidermal whole mounts (top panels) were stained for Gata6 and markers for different hair follicle stem cell populations. experiments. Quantification of EdU incorporation by GL (Lrgi1 or Gata6) cells in JZ/SD (n=3 mice each; 49HF) is shown. Scale bars: 50 μm d, Suprabasal Gata6 GL cells acquire a basement membrane position during wound re-epithelialisation. Position in the epidermal layers of Gata6 GL cells at the indicated day after wounding tail skin is shown. Measurements are position relative to the basement membrane of the lowest Gata6 GL cell of a column of labelled cells in the wound bed ("0" corresponds to the basal cell layer). From n=3 mice for day 5, 9, 12 and n=4 mice for day 7 (average of 70 columnar cell units per mouse). The yellow bars in the violin plots represent median and black lines the 25th and 75th percentiles. e, Quantification of flow cytometry analysis of High-Itga6 and Mid/Low-Itga6 expressing Gata6 and Lrig1 GL cells in the tail wound bed at the indicated days after wounding. Data are means ± s.d. from n=4 mice for Gata6 GL 5d, 12d and Lrig1 GL 5d; n=3 for Lrig1 GL 12d. Representative flow cytometric plots (right panels) are shown. Light blue lines represent gating strategy used for quantification in left hand panel 13 . *P<0.05; **P<0.005, by unpaired Student's t-test. f, Quantification of Ki67+ Lrig1 and Gata6 tdTomato GL cells at day 6 after wounding. Data are means ± s.e.m. from n=25 cell clusters.
